smith, 1997; Scanlon et al., 1999) . Heat dissipation sensors measure matric potential between Ϫ100 and Ϫ14 000 cm of water and have been used in deep vadose C onceptual flow models in an unsaturated zone zone investigations (Montazer et al., 1988) that require describe the hydrologic processes of a vadose zone measurement in a higher range than provided by psysystem from infiltration to deep percolation and provide chrometers. the framework needed to model and predict contamiTensiometers measure the sum of the matric and pneunant transport. The addition of site-specific data with matic (air pressure) potential (Scanlon et al., 1997) . Watime may augment or change conceptual flow models, ter potential is used interchangeably with matric potenand conceptual models will continually evolve. Site-spetial, where osmotic potential is negligible and the instrucific characterization activities may include the introment is referenced to the gas pressure at the point of duction of tracers to track flow patterns and flow rates; measurement. Tensiometers measure water potentials analysis of water and soil for contaminants; the use of isoin the range of 0 to Ϫ800 cm of water (Gardner et al., topes to determine source, age, or recharge rates; analy-1922; Richards, 1931; Richards et al., 1937 ; Cassel and ses of the media to determine hydrologic properties; Klute, 1986; Hubbell and Sisson, 1998); thus, they are and instrumentation to monitor water potentials and most useful in water potential ranges that are indicative of higher water fluxes. Conventional tensiometry is limited by depth as a result of the length of the hanging D.L. McElroy, Applied Geosciences Department, Idaho National Encolumn of water needed to operate the tensiometer.
range and have been used to monitor temporal variathree years of less than average precipitation. A unit gradient was tions in water potentials in deep vadose zones located indicated by aligning dispersed monitoring locations along a presumed in arid settings (Montazer et al., 1988; Scanlon and Goldvertical profile. smith, 1997; Scanlon et al., 1999) . Heat dissipation sensors measure matric potential between Ϫ100 and Ϫ14 000 cm of water and have been used in deep vadose C onceptual flow models in an unsaturated zone zone investigations (Montazer et al., 1988) that require describe the hydrologic processes of a vadose zone measurement in a higher range than provided by psysystem from infiltration to deep percolation and provide chrometers. the framework needed to model and predict contamiTensiometers measure the sum of the matric and pneunant transport. The addition of site-specific data with matic (air pressure) potential (Scanlon et al., 1997) . Watime may augment or change conceptual flow models, ter potential is used interchangeably with matric potenand conceptual models will continually evolve. Site-spetial, where osmotic potential is negligible and the instrucific characterization activities may include the introment is referenced to the gas pressure at the point of duction of tracers to track flow patterns and flow rates; measurement. Tensiometers measure water potentials analysis of water and soil for contaminants; the use of isoin the range of 0 to Ϫ800 cm of water (Gardner et al., topes to determine source, age, or recharge rates; analy-1922; Richards, 1931; Richards et al., 1937 ; Cassel and ses of the media to determine hydrologic properties; Klute, 1986; Hubbell and Sisson, 1998) ; thus, they are and instrumentation to monitor water potentials and most useful in water potential ranges that are indicative of higher water fluxes. Conventional tensiometry is limited by depth as a result of the length of the hanging the use of advanced tensiometers has minimized thermal Hanford, WA than at the Nevada Test Site (Ϫ6000 cm of water) in the southwestern United States. In Idaho, noise and sluggish response problems encountered in conventional tensiometers (Sisson et al., 2002) . The adtemporal water potentials ranged from ϩ100 to Ϫ250 cm of water at the 2-to 30-m depths . vanced tensiometers have been proven to be robust and reliable instruments, operating for as long as 2 yr withTemporal water potentials at greater depths and with larger spatial coverage are needed to test conceptual out servicing (Sisson et al., 2002) .
Much of the available temporal water potential data models of water flow in deep vadose zones at high desert sites in the northwestern United States. This investigafrom deep vadose zones were collected from arid and semiarid regions of the southwestern United States.
tion uses temporal water potential data collected from advanced tensiometers to evaluate assumptions used in These regions tend to exhibit low water potentials and little temporal variation below depths of approximately the conceptual model of flow in the deep vadose zone beneath the Subsurface Disposal Area (SDA), a waste dis-5 m. At a semiarid site in Texas (Scanlon and Goldsmith, 1997) , temporal water potentials below 0.8 m remained posal site at the INEEL. The appropriateness of steadystate flow and unit gradient assumptions were examined fairly uniform during the monitored period and ranged from about Ϫ10 000 to Ϫ100 000 cm of water for a 22-m in the upper 74 m of the 177-m-thick vadose zone, for an area of approximately 1 km 2 , within a complex geologic profile. In the Chihuahaun Desert of Texas (Scanlon et al., 1999) , water potentials showed little temporal setting of thick fractured basalt layers intercalated with sedimentary interbeds. variation below 5 m, and water potential means ranged from Ϫ3000 to Ϫ76 000 cm of water for a 30-m profile.
Temporal water potential data from thick vadose
SITE DESCRIPTION
zones in the high deserts in northwestern United States are limited in number. Water potentials in the northwest The SDA is a 39-ha portion of the Radioactive Waste Management Complex (RWMC), located in the southappear to be higher than water potentials typical of the southwestern desert vadose zones. Sully et al. (1994) west portion of the INEEL, in southeastern Idaho (Fig. 1) . Low-level, transuranic, and mixed wastes were buried noted higher water potentials (Ϫ1000 cm of water) at in shallow pits and trenches in the SDA from 1952 until
In general, infiltration within the SDA is thought to be higher than outside the SDA. McElroy (1990) (Holdren et al., 2002) .
at a site located near the northern boundary of the SDA. The SDA is located on the Eastern Snake River Plain, In contrast, McElroy (1993) and Bishop (1998) estian arcuate depression extending from Yellowstone Park mated recharge that ranged from 0.1 to 49.4 cm yr
Ϫ1
and northwestern Wyoming westward across Idaho to during spring recharge from snowmelt inside the SDA. the Oregon border. In the vicinity of the INEEL, the Laney et al. (1988) , McElroy (1990) , and Bishop (1998) Eastern Snake River Plain has an approximate elevation suggested surface infiltration within the SDA is highly of 1500 m and is bounded by mountains and high planonuniform and is concentrated in surface depressions teaus on the north, east, and south. The INEEL receives such as drainage ditches or in pits or trenches that approximately 22 cm of precipitation annually, based flooded in the past. on a 38-yr record (Clawson et al., 1989) , and the majority During localized recharge events, wetting fronts move of the November to April precipitation falls as snow.
through the surficial sediments and into the underlying The region is classified as arid to semiarid.
basalts. Downward movement through the basalts is The RWMC lies within a natural topographic depresassumed to occur primarily through open or sedimentsion. The subsurface beneath and adjacent to the SDA filled fractures or joints, rather than the basalt matrix comprises a thin (0-7 m) cover of loess underlain by (Holdren et al., 2002) . Hubbell et al. (2002) monitored thick sequences of fractured basalt intercalated with thin the advance of a wetting front in the SDA that moved sedimentary interbeds ( mately 34 m (the BC sedimentary interbed) and 73 m (the CD sedimentary interbed). In the Large-Scale Infiltration Test (Dunnivant et al., 1998) water movement
CONCEPTUAL FLOW MODEL
was predominantly vertical through fractured basalt to In our conceptual flow model of the deep vadose zone the BC interbed at a depth of 55 m, but perching and at the RWMC, long periods of constant flux result in lateral movement was reported above the BC sedimenstable moisture contents and water potentials and a unit tary interbed. hydraulic gradient. Under a unit gradient, there is littleAdditional sources of water to the subsurface beneath to-no change in water potential with respect to depth the SDA may be derived through lateral underflow from or elevation, and moisture flow is driven by gravity the Big Lost River and spreading areas (Fig. 1 ). The rather than by differences in water potentials.
spreading areas, located west and east of the SDA, are These periods of stability are occasionally interrupted infiltration basins that hold water diverted from the Big by episodic recharge events. Major sources of water at Lost River during times of high flow. Rightmire and the surface are direct precipitation and run-off from Lewis (1987) and Hubbell (1990) presented evidence snowmelt, which concentrates water in topographically that suggests the spreading areas are a source for low areas. Rapid snowmelt, combined with heavy rain, perched water located in basalt above the CD interbed. caused flooding in pits and trenches within the SDA in Through the use of a tracer, Nimmo et al. (2002 ( ) con-1962 ( , 1969 ( , and 1982 ( (Barraclough et al., 1976 ; Bargelt cluded some of the perched water above the CD inet al., 1992). Local run-off from late winter and early terbed beneath the SDA was derived from the spreading spring snowmelt has the greatest potential for extensive areas. The investigators hypothesize that water from infiltration because these events occur when evapothe spreading areas moves primarily downward, but a transpiration rates are low. Hubbell et al. (2002) moniportion is diverted laterally by perching above low hytored a nested series of advanced tensiometers from 6.7 draulic conductivity layers. to 31.4 m bls, in a single borehole at the SDA. Based on 4 yr of water potential data, they found water poten-METHODS tials at this location were generally constant, but were interrupted by episodic recharge that was tracked to the 50-60 mL volume) installed at a specified depth with an or out of the formation until the partial vacuum in the cup is equal to the subatmospheric water pressure in the surrounding attached polyvinyl chloride (PVC) pipe (2.54 and 3.81 cm, class 200) that extends to land surface (Fig. 3) . A volume of soil. The pressure transducer measurement of this partial vacuum is then considered equivalent to the water potential. The water is placed in the PVC pipe to fill the porous cup. A pressure transducer is placed inside the PVC pipe and seated pressure transducers (Ϯ800 cm of water, differential pressure relative to atmospheric; Electronic Engineering Innovations, just above the porous cup by means of a rubber stopper, sealing the water chamber in the porous cup from the water Las Cruces, NM) were connected to Model 510X, 10X, or 23X Campbell data loggers (Campbell Scientific, Inc., Logan, UT) in the PVC pipe. The water in the porous cup will move into sand interval (12.2 and 7.6 m, respectively) was placed above the silica flour interval. The BC and CD sedimentary interbeds (at approximately 34 and 73 m) were generally targeted for tensiometer placement, although some instruments were placed adjacent to basalt.
Installation methods for tensiometers in Wells 76-5, 77-2, and 78-1 differed from the methods used for the I and O series wells. At Well 76-5, the porous cups of the tensiometers were placed in a 0.3-to 1-m layer of silt loam (15.2-cm-diam. borehole) to hydraulically connect the porous cup to the fractured basalt . Granular bentonite (about 0.3 m) layers were placed above and beneath the loam-filled monitoring depths to isolate the monitoring intervals. Coarse sand (2.4-3.3 mm) filled the remaining portions of the borehole between the tensiometer monitoring depths, with thin layers of bentonite placed about every 2 m to inhibit moisture flow through the borehole. Tensiometers in Wells 77-2 and 78-1 were placed in dry native fill (loam), and bentonite layers were placed between instrumented depths to isolate each instrumented depth. The porous cups of these tensiometers were placed in a 1.8-m dry loam layer (Well 77-2, 12.4-cm-diam. borehole) and in a 0.6-to 0.7-m dry loam layer (Well 78-1, 7.62-cm-diam. borehole). ranged from a near-saturated Ϫ30 cm of water in the BC sedimentary interbed at I1S (Fig. 6b ) to about or a Tumut Gadara data logger (Electronic Engineering Inno-Ϫ400 cm of water in the CD sedimentary interbed at vations, Inc., Las Cruces, NM). This system collects continuous O4 (Fig. 7b) . Data gaps in water potential profiles were water potential measurements at each instrumented depth. rapidly (days) than dry backfill. Wet backfill was used McElroy and Hubbell (2003) .
RESULTS AND DISCUSSION
at the I and O series wells to reduce equilibration times, Tensiometers in the I and O series wells were installed in and data collection did not begin for 1 to 6 mo after a silica flour slurry that was placed around the porous cup to the boreholes were backfilled. obtain a hydraulic connection between the cup and the geologic formation (Dooley and Higgs, 2003) ) (Clawson et al., 1989) . The shallower (Ͻ17 m) sediments and basalts are likely responding to decreased surface infilwater flux. Steady state is relative to the monitored tration. period; some long-term changes in water potentials may
In the deeper basalts and sediments, at depths of 17 m not be large enough to discern on the 2.5-yr time period.
or greater, temporal trends were mixed. The majority These long-term changes may become more evident as (15 of 25) of these deeper locations indicated steadythe monitoring continues. Transient conditions imply state conditions (Fig. 6 ), but long-term water potential changes in moisture with time, presumably from changes changes were observed at nine of the 25 locations. One in infiltration at land surface. Specific recharge events location, I5S-30, was indeterminate. Water potentials in short time periods, such as from snowmelt and were stable in basalt at 772-17, 772-27, 765-24, 765-30, run-off, are Although the majority (15 of 25) of the tensiometer locations below 17 m exhibited steady-state water poformed in the borehole, resulting in a temporary rise that dissipated quickly. In the BC sedimentary interbed tentials, long-term changes in water potentials were also observed (Fig. 7) . Water potentials gradually decreased (Fig. 6b) , water potentials were stable at 765-31, I1S-31, I2S-29, O2-33, O5-32, and O7-37. In the CD sedimentary in the basalt at 765-17 ( Fig. 7a) , in BC interbed sediments at I3S-28, I4S-30, and O4-34 (Fig. 7a) , and in the interbed (Fig. 6c) , water potentials were stable at I2D-68 and O3-67. The slow 12 cm increase in water potential CD interbed sediments at I1D-69, I3D-70, and I4D-69 (Fig. 7b) . The decreasing water potentials at 765-17 and values at O2-33 from May 2000 until September 2002 is indicative of air entry into the tensiometer. Refilling O4-34 follow recharge events that peaked in September 2000 and October 2000, respectively, and the drying the water chamber with water returned the measurements to near the initial readings.
trends represent subsequent drainage. Water potential decreases in the sedimentary interbeds ranged from a Suction lysimeter sampling caused the steep drops in water potentials at some locations (such as in I2S-29, slow decrease of approximately 16 cm at I4S-30 to a more substantial decrease of 58 cm at I1D-69 for the Fig. 6b ). The suction lysimeters are located within 1 m of these tensiometers, within the same silica flour backfill.
2.5-yr study. The cyclic rise and decline in water potentials (high frequency oscillations) that is most prominent Steep drops in water potential measurements correspond directly with the timing of vacuums applied to in I3S-28 and I1D-69, but also occurs in I4S-30, appears to be related to barometric fluctuations. nearby suction lysimeters. Smaller upward spikes may follow these steep declines and correspond with the reSeveral different mechanisms might result in the observed drying trends at depth. First, it is possible the lease of vacuum and application of positive pressures drying trends are the result of decreased surface retively (Keck, 1995) . Although open pits and trenches that were flooded were identified, the lateral extent of charge. The wells are shown in Fig. 4 , with red circles, for comparison with steady-state locations (blue squares).
the flooding can only be estimated. An estimate of the lateral coverage during the flooding events included These wells that reflect drying trends are, with the exception of 76-5 and O-4, located along the main eastmost of the SDA, with the exception of the area north of the main east-west road, near I-4S and I-4D (Holdren west drainage ditch that runs through the center of the SDA. For sampling purposes, these wells were sited et al. , 2002) . Wells I-4S and I-4D are not located within the estimated flooded areas, yet monitored depths within to increase the chances of encountering perched water. These ditches collect surface water from surrounding those wells exhibit long-term drying trends. Other wells, such as I-2S, I-2D, 76-5, and 77-2 are located within the areas and focus run-off and infiltration along the road. Areas near drainage ditches receive more surface infilestimated flooded areas; however, steady-state conditions, rather than long-term drying trends, are observed tration during years of higher precipitation and run-off than areas farther from these ditches (Bishop, 1998) .
in the BC and CD sediments at these wells. These observations suggest the drainage is not related to the historiSedimentary interbeds beneath those areas of focused infiltration may be responding to decreased run-off from cal flooding. A third possible mechanism for the drying trends 3 yr of less than average precipitation (2000) (2001) (2002) . Development of this hypothesis is limited by the lack of observed in the BC and CD interbed sediments is drainage following lateral underflow from the spreading arwells sited away from drainage ditches in the SDA, and by the need for nested tensiometers near the ditches to eas, west and south of the SDA (Fig. 1) , into the sedimentary interbeds beneath the SDA. The last discharge track surface recharge.
Second, it was considered that the long-term drying to the spreading areas occurred in 1999, a year before the start of the advanced tensiometer monitoring. Montrends detected at some locations in the BC and CD interbed sediments could be the result of drainage and itoring during periods of discharge to the spreading areas, with nested advanced tensiometers that monitor re-equilibration after flooding of pits and trenches (Bargelt et al., 1992) . This flooding, caused by rapid a vertical profile, would be needed to fully evaluate the influence of lateral flow from the spreading areas. snowmelt combined with heavy rains, recharged volumes of water to the subsurface, estimated at 37 000, Two tensiometers, O1-30 and O4-69, showed a gradual rise in water potentials over the monitoring period. a function of water potential, and dh/dz is the hydraulic Possible causes for the rise in moisture include downgradient. The hydraulic gradient, dh/dz, is composed of ward drainage from overlying basalt or BC sedimentary both water and elevation potentials such that interbed or delayed inflow from the spreading areas. Monitoring is needed during and after periods of inflow dh dz ϭ d⌿ dz ϩ dz dz [2] to the spreading areas to determine if moisture changes in these tensiometers are related to inflow from the If there is no change in water potential with depth, spreading areas. then the change in total head is only due to changes in The long-term transient trends observed at nine of elevation and the hydraulic gradient is one, or unity. the advanced tensiometers, from 17 to 70 m bls, are in Under these conditions, the flux, or deep percolation contrast to the near steady-state assumption proposed in rate, equals the hydraulic conductivity at the specified the conceptual model. These long-term water potential water potential. trends suggest portions of the deep vadose zone may Measured water potentials from 22 Aug. 2002, 0800 h be responding to recent (the last 3 yr) changes in surface at each advanced tensiometer location were used to infiltration, and the response occurs at variable depths calculate hydraulic head (the sum of the average water and locations.
potential, in meters, and the elevation head) and are shown vs. elevation head in Fig. 9 . The vertical variation
Unit Gradient
in soil water potentials (Ϫ30 to Ϫ400 cm of water) was small compared with differences in elevation. The hyVertical flow is driven by gravity rather than differences in water potential under a unit hydraulic gradient. draulic gradient, or change in hydraulic head vs. elevation is close to one, indicating a unit gradient condiIntermittent recharge becomes dampened with depth, resulting in water movement by the force of gravity. This tion exists in the upper 73 m of the unsaturated zone at the SDA. results in constant percolation rates at depth, which allow assignment of constant infiltration at the surface It is recognized that there are limitations in applying the unit gradient method to the tensiometer data. The for environmental assessment modeling. The assumption of a unit gradient also simplifies calculation of deep tensiometers are widely spaced across an area of approximately 1 km 2 and do not represent a vertical profile percolation rates. Water potential values from tensiometers can be used to calculate percolation, assuming a at one location. Local hydraulic gradients within the interbeds cannot be determined from this tensiometer unit gradient and hydraulic conductivities are known.
A unit gradient exists when there is little to no change array. The unsaturated subsurface at the RWMC is heterogeneous and is not an ideal, one-dimensional, steadyin water potential with respect to depth or elevation, infiltration events were observed for at least 1 yr be- 
